INTRODUCTION
Methods for evaluating and measuring adhesive bonds in multi-layer anisotropic composite materials are of considerable interest to the aerospace community. Recent quantitative nondestructive evaluation (QNDE) research has concentrated on using obliquely incident ultrasonic waves to determine interfacial degradation in adhesive bonds [1] . For anisotropic materials, this task is more formidable, but the theoretical analysis presented by Balasubramaniam et. a1. [2] indicates good prospects for the ultrasonic reflection technique. The primary objective of this experimental investigation was to determine the best QNDE method for measuring the relative thickness of fiberglass/epoxy (Fg/Ep) laminate compared to the adhesive layer bonding a stainless steel pivot in the composite structure of the Hard Upper Torso (HUT). The integrity of the interfacial bonds between the adhesive, the stainless steel pivot, and the composite laminate was also of interest, but of secondary importance to the project.
We have recently completed a survey and investigation of QNDE methods required to inspect the adhesive and fiberglass bonds securing arm-pivot inserts in the HUT of the extravehicular mobility unit spacesuit used by NASA. The most promising techniques selected from this survey have been applied to the inspection of HUT units at the NASA Johnson Space Center (JSC) White Sands Test Facility (WSTF). These HUT units are used for both undelWater training in the NASA JSC Weightless Environment Training Facility (WETF) and for flight extravehicular activity (EVA). This paper reviews the background of prior HUT investigations conducted at WSTF, and presents the results and conclusions of this QNDE survey and investigation. BACKGROUND WSTF previously performed an NDE investigation of the HUT pivots using mockup panels and the results have been disclosed in a WSTF report and a paper [3, 4] . The previous work concentrated primarily on qualitative NDE assessment of the integrity of the pivot inserts as bonded in the composite structure of the HUT. Methods for detecting defects (disbonds, cracks, and delaminations) in the composite materials and failures of the pivots under loads were of prime importance for this investigation. The NDE techniques evaluated in the prior ",.)rk included x-ray COmpl!ted tomography (x-ray CT), lowenergy x-ray radiography, ultrasonic (UT) imaging, neutron radiography (N-ray), infrared (IR) thermography, electronic spackle pattern interferometry, and acoustic emission (AE) analysis.
TEST METHODOLOGY
The approach to conducting this QNDE survey was to perform tests on the existing mockup panels that were fabricated by United Technologies-Hamilton Standard for the previous NDE investigation [3] . As a result of the prior work, several methods were selected as potentially feasible to measure the thickness of adhesive and fiberglass/epoxy bonds securing the pivots in the composite HUT. Of these NDE methods, low-energy x-ray radiography, x-ray cr, UT B-scan imaging, and AE analysis were deemed most feasible. In addition to these prior NDE methods, capacitive and inductive proximity sensors were also investigated for measuring the required thickness of the composite laminates. Finally, inspections of the first two WETF HUT units (SIN's 1017 and 1015) were used to further refme the selected QNDE procedures. HUT SIN 1017 had two pivots installed with an intentional thin wall condition (three Fg/Ep plies on the inner wall), while SIN 1015 was inspected as manufactured.
TEST ARTICLE DESCRIPTION Figure 1 shows one of the FglEp HUT units with the location of the four pivots and an innerwall configuration of a mockup pivot panel. The pivots are mounted near the inner wall of the composite structure. The minimum inner-wall thickness of Fg/Ep is 0.9 mm (35 mils). Thus, the QNDE inspection task was to measure the thickness of the inner wall, and to differentiate the Fg/Ep laminate from the thickness of HYSOL'" (EA-934 NA with EC-1290 primer) adhesive in direct contact with the pivot. It was also necessary to distinguish the Fg/Ep material from a rubberized bellows bonded to the inner wall of the arm port.
Ten of the mockup panels were used for the QNDE survey investigations. In addition to the mockup panels, we fabricated a set of standard test coupons (adhesive and Fg/Ep laminates) to establish proof-of-concept measurements and calibrations for the various QNDE methods. These standard coupons (approximately 25.4 mm by 50.8 mm) were fabricated using incremental layers (0.5 mm to 1. 
QNDE INVESTIGATIONS AND RESULTS

Inductive and Capacitive Probe ONDE Investigations
Inductive (eddy current) proximity probes are used to measure the total thickness of nonconductive materials covering a metallic substrate by using the lift-off effect associated with the probes [5] . The lift-off response, using the underlying pivot (stainless steel 347) as the conductor, is a function of the combined adhesive and FglEp laminate thickness on the thin side of the pivot.
Capacitive proximity probes, on the other hand, are sensitive to the dielectric properties of the nonconductive materials. Thus, by measuring the total thickness independently (e.g. inductive probe measurements or x-ray radiography QNDE), it is possible to determine the relative thickness of two adjacent materials having different dielectric constants. Using the well-known relationship for a parallelplate capacitor having a compound dielectric, it is possible to derive a formula that gives the thickness of the adhesive layer as a function of the dielectric constants of the respective laminate materials and the overall total thickness [6] .
Inductive and capacitive proximity probes, when used in a complementary fashion, are expected to determine the relative thickness of the adhesive and Fg/Ep laminates. This method assumes that the dielectric constant of the two laminates differs sufficiently to resolve the relative contribution of each material as the sum of two capacitors in series.
The proximity probe QNDE inspections were performed using an inductive eddy current sensor (Indikon Model 205XL proximity probe operated at 36 V ± 10 mV) to measure the lift-off effect [5] .
This measurement, when calibrated for the foot ("T") configuration of the pivots, yielded a simplified method to determine the total inner-wall thickness of the composite and pivot-foot orientation. The eddy current probe output voltage was calibrated by using a special Lexan fixture to secure the pivot in a plane perpendicular to the probe. Various layers of G-lO board (known thickness) were then inserted between the probe and the pivot to calibrate the output voltage as a function of lift-off distance. The eddy current probe had a lift-off range of approximately 2.5 mm (100 mils) and a measurement precision of ± 0.05 mm (2 mils).
The eddy probe, as configured to measure the lift-off effect, used a Lexan alignment fixture machined to the curvature of the HUT arm port. This fixture also firmly held the probe perpendicular to the surface. During these measurements, the probe was moved along the composite (or bellows) surface of the composite covering the pivot foot. A minimum voltage region could be found by dithering the probe over the area of each foot indicating the maximum inner-wall thickness between the inner wall and the pivot foot.
Eddy current probe lift-off measurements of the ten pivot panels yielded an average inner-wall thickness of 1.3 ± 0.1 mm (51.4 ± 4.0 mils), which was in excellent agreement with the nominal thickness 1.27 ± 0.1 mm (50 ± 5 mils) of the 5-ply layer used on the inner wall. The measurements performed on the pivots installed in the left arm of HUT SIN 1017 (no bellows) gave results in good agreement (within 5 percent) with the inner-wall thickness determined by tangential x-ray radiography.
Most of the HUT units were inspected with the bellows bonded to the inner wall of the arm porthole. Although the Lexan alignment fixture was used to hold the eddy current probe perpendicular to the surface, bias errors were frequently introduced into the eddy current lift-off measurements because of the rough surface and the compressibility of the bellows material. Furthermore, because it was necessary to estimate the nominal thickness of the bonded bellows, additional inaccuracies were introduced into the determination of the Fg/Ep inner-wall thickness for this method. Thus, the eddy current probe lift-off measurements were determined to be most effective for performing inner-wall thickness measurements of the Fg/Ep without the bellows. This technique would have direct application as a QNDE method for measuring the inner-wall thickness during the manufacturing process. The inductive eddy current probe was not able to differentiate the adhesive from the Fg/Ep laminates because these are nonconducting materials.
The capacitive measurements (Capacitec 410-sc probe) performed with the standard coupons were not successful because of a large variation in the dielectric constant associated with the HYSOU~ adhesive. Microscopic bubbles trapped in the adhesive caused the dielectric constant to vary from 3 -10. Thus, the relative thickness of the adhesive laminate layer associated with the standard coupons could not be uniquely determined by using the combined eddy current and capacitive probe measurements and the relationship for a compound dielectric parallel-plate capacitor.
X-ray Radiographic ONDE Investigations X-ray CT is frequently used to evaluate composite materials, including rocket motors [5] . The success of using low-energy x-rays (40 -50 kV) to radiograph the pivot panels has been demonstrated and reported in our earlier work [4] . To measure the inner-wall thickness of the HUT pivots, a technique for exposing tangential x-ray radiographs of the pivots was required to ensure alignment of the pivot tab surfaces within one degree of the x-ray beam. This section of the paper describes the alignment procedures developed to expose both the planar and tangential x-ray radiographs of the HUT pivots and the results obtained with this QNDE technique.
X-ray radiographic inspections were performed along two orthogonal axes (planar and tangential) of each HUT pivot using a Norelco MG 150 industrial x-ray machine (SIN 24077). The x-ray source was operated at 35 -45 kV (planar) and 50 -60 kV (tangential) with 4 mA of current, a focal spot size of 0.7 mm (27.6 mils), and no filtration. The film used for these QNDE inspections was Kodak "M" film (usually double-loaded film packs). The first axis (planar x-ray) was taken with the beam perpendicular to the surface of the pivot-foot ("T") extensions. The second axis was performed with the beam tangential to the surface of the pivot-foot extensions, and directed parallel along an axis collinear with the symmetry axis of the pivot head.
The procedure for conducting the planar x-ray radiography QNDE was to align (using a laser pointer) the plane of the pivot (panels or HUT) perpendicular to the x-ray beam and with the pivot socket facing the film pack. The film cassette was located as close as possible to the back side of the panel or HUT pivot, and exposed for 0.75 to 1.5 minutes at a source-to-film distance of 91 cm (36 in.). An ASTM #50 plaque penetrometer with hole diameters of 1.27 mm (0.05 in.), 2.54 mm (0.1 in.) and 5.08 mm (0.2 in.) was mounted on the pivot panels approximately in the plane of the pivot. ALexan fixture with three carbon steel pins (mutually orthogonal to one another) was mounted on the pivot head to provide alignment fiduciary marks on the film. The exposed x-ray films were examined for proper contrast, correct label, and true alignment. The x-ray films were visually examined by two independent inspectors and dimensions were extracted using a Metallographic 300 microscope at a magnification of 8X.
Pivot panels #3 and #6 were initially used to investigate the feasibility of using tangential X-ray radiography QNDE to determine the inner-wall dimensions. The difficulty encountered with the HUT units was obtaining pivot-foot alignment with the x-ray beam within one degree. To achieve this alignment accuracy, the HUT pivot was initially aligned with a laser pointer as explained above. A final alignment with the x-ray beam was then performed using a x-ray fluoroscope system (Science Applications, Inc., Model II-309H) and a remote-controlled rotation fixture. This technique allowed the operator to rotate the HUT pivot back and forth in the x-ray beam until a minimum width of the pivot foot projection on the fluoroscope screen was achieved. This procedure not only ensured alignment within the required specification, but it significantly reduced the time required for setup. The film pack was attached to the fluoroscope screen 91 cm (36 in.) away from the x-ray head with a pivot-to-film distance as close as possible, and a penetrometer (ASTM #50) was installed on the alignment pin fixture. Strips of lead or copper foil (taped to the bellows material) were used as fiduciary markers on the inner wall of the bonded bellows, and the film was exposed for 3 to 6 minutes.
Typical examples of the planar and tangential x-ray radiographs for HUT S/N1016 are shown in Figure 2 . The planar radiograph clearly delineates the adhesive bondline from the Fg/Ep composite material. The over-the-foot region ("T") shows the individual fiberglass plieS wrapped over the pivot tabs. The tangential x-ray shows the critical inner-wall region, including the adhesive bondline, the Fg/Ep layer, and the bellows bondline. The copper foil on the inner-wall of the bellows is used as a location fiduciary on the X-ray film. The tangential x-ray ( Figure 2) shows a marked decrease in the inner-wall thickness of fiberglass ranging from a maximum thickness of 0.5 to 0.3 mm (19 to 12 mils).
The specification for the HUT requires a minimum inner-wall thickness of 0.9 mm (35 mils) Fg/Ep over the entire foot ("T") region of the pivot.
The inner-wall thickness of Fg/Ep measured for panel #3 was 1.3 mm (50 mils), which compared favorably with the nominal thickness of 1.27 ± 0.1 mm (50 ± 5 mils) for the 5-ply layer. The complete results of the x-ray CT QNDE performed on panel #9 were compiled in a data report submitted by NASA KSC [7] . A typical cross-sectional image of the pivot is shown in Figure 3 . The average thickness of the inner-wall, as determined by the quantitative image analysis (20 sample points) of the x-my CT data across this scan, was 1.16 ± 0.08 nun (46 ± 4 mils). Other slices gave an average inner-wall thickness ranging from 1.1 -1.4 rom (44 -56 mils). This compares favorably with the nominal thickness of 1.27 ± 0.1 mm (50 ± 5 mils) for the 5-ply layer used on the inner wall of these panels. No inspections of the HUT units with thick adhesive layers were performed, because the contrast resolution of the high-energy x-my CT data was not adequate to distinguish the adhesive and bellows bondlines from the Fg/Ep material.
Ultrasonic B-Scan ONDE Investigations
Ultrasonic imaging creates an image scan from an acoustic signal transmitted or reflected through the intervening sample material [5] . The B-scan image mode was expected to give information related to the position of the pivot mounted in the HUT, identify potential disbonds or delaminations, and permit a quantitative measurement of the inner-wall Fg/Ep thickness by using a known longitudinal velocity of sound for the composite material. Both transmission and pulse-echo ultrasonic modes were used to perform the B-scan investigations.
Data for ultrasonic images were accumulated using the commercial SONIX UT immersion scanning system. The acoustic coupling media between the transducer and the test item was de-ionized water. Both transmitting and receiving transducers were Panametrics Model V-327 focused-beam, 10 MHz units, with focal length of 1.91 cm (0.750 in.) driven by a Panametrics Model 5055PR101 excitation unit.
The test articles included both the ten composite mockup panels described above and the standard coupons fabricated to simulate the metallic foot configuration of the pivots. The UT beam was incident from the thin side of the pivot tab and normal to the panel surface for each of the image scans. The transmitting transducer was positioned relative to the test items such that the focal plane of the transducer was 0.89 -1.52 mm (35 -60 mils) below the front surface of the test item. Both transmission and pulseecho mode scans were performed for all test articles. For the standard coupons, the beam was incident normal to the face of the coupon from the non-foil side.
Typical B-scan images obtained from the pulse-echo inspections of two of the pivot panels are displayed in Figure 4 . The B-scan images permitted a measurement of the total inner-wall thickness; however, the adhesive bondline for the pivot panels was not distinguishable with the normal incidence technique. Note the different shape for the B-scan image of panel #3 compared to panel #6. X-ray radiography of panel #3 confirmed that this pivot did not have the inner-wall curvature common to all other pivots.
By using a longitudinal velocity of 2.75 mmlp.s, a total inner-wall thickness of 1.27 mm (50 mils) and 1.31 mm (52 mils) was obtained for panel #3 and #6, respectively. This compares favorably with the nominal thickness of 1.27 ± 0.1 mm (50 ± 5 mils) for the 5-ply layer used on the inner wall of these panels. A measurement precision of ± 0.06 mm (3 mils) was estimated for the UT B-scans; however, the overall accuracy is highly dependent on the assumed longitudinal velocity of sound. Variations in the adhesive and composite bulk density would directly affect this velocity as was demonstrated by the variation in dielectric properties for the adhesive. No research work was attempted at this time to use obliquely incident waves for performing interfacial bond inspections [1, 2] . The success of the x-ray QNDE methods and the difficulty with performing HUT inspections with the bellows liner in place were factors in this decision. signal (generated by breaking a pencil lead on the pivot head), it is possible to determine the thickness of the composite material located on each side of the pivot. This investigation required special consideration of the geometrical configuration to develop a relationship that gave a reliable measurement of the innerwall composite thickness associated with the pivot panels.
AE tiJne.of-tlight measurements were performed on the pivot panels using the geometrical configuration shown in Figure 5 . From simple geometrical considerations and the longitudinal velocity of sound (V) of the AE signals in the composite, the thickness of the inner wall on the pivot panels is given by Equation 1 where D is the thickness of the composite panel, L+t is the thickness of composite material on the outer wall, Z is the thickness of the pivot tab, V is the AE longitudinal velocity of sound in the FglEp, and aT is the AE difference in the time-of-tligbt measured between the inner-wall and outer-wall sides of the pivot panel. Thus, by measuring the difference in the time-of-flight between the signals propagated through the inner wall versus the outer wall, the thickness, t, of the inner wall can be derived.
This simple model assumes that the AE signals propagate as longitudinal waves along a patblength defined by d and w which make an approximate angle of 8 (19°) and q, W) respectively, with respect to the pivot surface. The model also assumes negligible adhesive thickness.
The AE analysis system (physical Acoustics Corp.) used for this investigation was comprised of three 59223 transducers connected to preamplifiers (model 1220A at 60 db gain) and powered with an amplifier and power supplies (model AEIA at 20 db gain). The AE time-of-flight signals were recorded using a dual-cbannel Philips PM3323 digital oscilloscope. The AE signal, generated by breaking a pencil lead on the head of the pivot, was detected by the transducer mounted on the head of the pivot and used to trigger the digital oscilloscope.
Using an average longitudinal velocity (2.75 mm/p.s) consistent with the ultrasonic results, the results of the AE analysis gave an average inner-wall thickness of 1.3 ± 0.1 mm (52 ± 4 mils) for the pivot panels. This compares favorably with the nominal thickness of 1.27 ± 0.1 mm (50 ± 5 mils) for the 5-ply layer used on the inner wall of these panels. This technique was not applied to the HUT units because the bellows bonded to the inner wall of the HUT precluded performing the AE time-of-flight measurements on the WETF and EVA units. The AE analysis would have direct application as a QNDE method for measuring the inner-wall thickness during the manufacturing process. 
CONCLUSIONS AND RECOMMENDATIONS
The planar and tangential x-ray radiography was reco=ended as the optimum QNDE technique for routinely inspecting suspect pivots in the HUT based on the results of this survey investigation. The x-ray radiography not only permitted excellent composite material discrimination (adhesive and bellows bondlines versus the Fg/Ep composite material), but it also provided the most accurate QNDE method for measuring the relative thickness of the various materials comprising the inner wall of the HUT pivots.
Other QNDE methods, including the eddy current probe lift-off measurements and acoustic emission analysis, were recommended for performing in-process manufacturing inspections of pivots installed in the HUT Fg/Ep composite. These methods have the advantage that they can be easily implemented and require minimal investment in equipment for the QNDE measurements.
Although the x-ray CT and ultrasonic QNDE methods were able to provide accurate measurements of the total inner-wall thickness, these methods did not provide a practical solution within the cost and schedule constraints of this project. More work is required to enhance the material discrimination and bond inspection capabilities of the ultrasonic technique by using obliquely incident waves for performing interfacial bond inspections [1, 2] .
